By Anne E. Gibbons, Patricia Price, and Geoffrey R. Shellam
We have studied the efFects of murine cytomegalovirus (MCMV) infection on bone marrow stem and progenitor cell populations to find an explanation for the defects in hematopoiesis that accompany CMV infections in patients. Sublethal MCMV infection of BALBlc mice resulted in a 5-to 10-fold decrease in the numbers of myeloid (colony-forming unit-granulocyte-macrophage [CFU-GM]) and erythroid (burst-forming unit-erythroid [BFU-El) progenitor cells in the marrow, but not in primitive myeloerythroid progenitor cell (colony-forming unit-spleem [CFU-SI) numbers. In contrast, we observed a 10-to 20-fold reduction in CFU-S as well as CFU-GM and BFU-E in lethally infected mice. Depletion of marrow CFU-GM was less severe in C57BLl10 and C3HlHeJ mice, which are more resistant to the effects of MCMV infection. Treatment of bone marrow cells with MCMV prepara-
UMAN CYTOMEGALOVIRUS (HCMV) infection is
a serious complication in immunocompromised transplant and human immunodeficiency virus (HIV) patients and in neonates. Clinical manifestations of HCMV that involve the hematopoietic system include neutropenia, mononucleosis, thrombocytopenia, and hematolytic anaemia."5 Furthermore, HCMV infection has been associated with delayed marrow engraftment and graft failure in bone marrow transplant patients.6" The presence of HCMV genomic material in peripheral blood cells indicates that the hematopoietic system may be an important target for infection by the viruS. [8] [9] [10] It has been proposed that the detrimental effects of HCMV on hematopoiesis result from the infection of bone marrow stem or progenitor cells. Hence, several studies have assessed the ability of HCMV to infect cells of the bone marrow in vitro and then inhibit the development of hematopoietic colonies from precursor cells. These experiments have yielded mixed results. Rakusan et al" found that HCMV inhibited myeloid and erythroid colony formation but could not show replication of the virus in bone marrow and cord blood mononuclear cells. Apperley et a l l 2 reported that incubation of bone marrow mononuclear cells with HCMV did not affect hematopoietic colony formation or morphology, but stromal monolayers infected with HCMV were unable to support proliferation of myeloid progenitor cells. Simmons et allJ also showed myelosuppression in HCMV-infected long-term marrow cultures and associated this observation with infection of stromal elements and decreased production of granulocyte colony-stimulating factor (G-CSF). A study by Sing and Ruscetti14 showed that the formation of hematopoietic colonies in response to granulocyte-macrophage colony-stimulating factor (GM-CSF) and G-CSF was impaired by treatment of marrow cells with HCMV. Although there was no productive viral infection of marrow progenitor cells, HCMV-specific mRNA and immediate-early antigens were detected in some cells, suggesting that small numbers of bone marrow cells may be abortively infected and interfere with hematopoiesis in vitro. In a study by Maciejewski marrow cells with recombinant HCMV encoding the Escherichia coli Lac 2 gene. LacZ+ activity was observed predominantly in cells of the myelomonocytic lineage, and a moderate inhibition of colony formation was observed when marrow cells were treated with high concentrations of virus. These investigators also showed that infectious virus could be recovered from cells derived from HCMV-infected progenitor cells, indicating that hematopoietic cells may harbor HCMV for several weeks and through several differentiation steps. Thus, the hematopoietic system may serve as a reservoir for latent HCMV and contribute to the dissemination of HCMV during active infections.
Because the CMVs are species specific, the infection of mice with murine CMV (MCMV) is often used as a model for in vivo studies of CMV disease pathogenesis. In addition, MCMV infection of mice can induce similar hematologic abnormalities to those described in patients with HCMV infections.'6''9 MCMV infection also interferes with autoreconstitution of the bone marrow in sublethally y-irradiated mice?' We have shown previously that MCMV infection of BALBlc mice results in severe marrow atrophy, although there is little productive infection of marrow cells?' Changes in the proportions of cells comprising the marrow were observed, as well as changes in peripheral blood cell populations. The experiments were performed using inbred mice of different strains because sensitivity to MCMV disease is genetically determined. The susceptibility of individual cells to MCMV infection is determined by H-2 genes. Cells from C3wHeJ mice have the H-2k phenotype and are 10-fold more resistant to infection with MCMV in vitro than cells from BALB/c mice that have the H-2d p h e n~t y p e .~~.~~ Replication of MCMV in the spleen is controlled by a non-H-2 gene designated Cmv-l, which restricts viral replication in the spleens of C57BL/10 mice, but not BALB/c or C3W HeJ mice."*2' Other non-H-2 genes influence interferon,26 natural killer cell," and T-cell responses to the virus."
This study examines the effects of MCMV infection in vivo on hematopoietic stem and progenitor cell numbers and on the functional capability of marrow cells. The ability of bone marrow cells to support productive viral infection and form colonies of differentiated cells after treatment with MCMV in vitro is also assessed.
MATERIALS AND METHODS
Mice. Specific pathogen-free, inbred mice were obtained from the Animal Resources Centre (Murdoch, Western Australia) and housed under minimal disease conditions in the Department of Microbiology (University of Western Australia). Eight-to twelve-weekold female mice of the BALBIc, C57BL/lOScSn, C57BL16J, C3W HeJ, and D B N U strains were used for most experiments. Female, ex-breeding BALBlc mice were used as recipients in some hematopoietic stem cell assays, and male BALB/c donor mice were infected at 8 weeks of age for radioprotection and reconstitution studies. Regular serologic screening established that mice in the holding center remained free from Sendai virus and Mycoplasma pulmonis.
Preparation of MCMV stocks. The strain of virus used in this study is designated as K181 (Perth). Restriction enzyme digest analysis of the viral DNAZ9 has shown that it has a pattern identical to the K181 strain." The stock was prepared by salivary gland passage in 3-week-old female BALB/c mice3' and its plaque forming unit (pfu) titer was determined." Tissue culture MCMV stocks were prepared by infection of confluent mouse embryo fibroblast (MEF) cultures with salivary gland-passaged virus under centrifugation at 800g for 30 minutes at room temperature. The supernatant culture medium was collected when the MEF monolayer showed approximately 90% cytopathic effect; its pfu titer was then determined.
Infection of mice with MCMV. Mice were infected by the intraperitoneal route with a sublethal dose of salivary gland-derived MCMV (4 X l@ pfu) or a sublethal dose adjusted according to their genetically determined resistance to lethal disease. Hence, DBA/2J, C57BU10, C57BL16, and C3WHeJ mice received 1, 4, 4, and 25 times the dose of virus administered to BALBlc mice?' In some experiments, BALBlc mice were inoculated with a lethal dose (2.4 X l@ pfu) of MCMV. Groups of mice were inoculated on different days before experiments, and progenitor cell assays or marrow reconstitution were performed on the same day to eliminate day to day assay variation.
Collection of bone marrow c e l k Suspensions of mouse bone marrow cells were obtained by flushing RPMI 1640 (RPMI; GIBCO, Grand Island, NY) supplemented with 2% fetal calf serum (FCS; GIBCO Laboratories, Auckland, New Zealand) through excised femurs and tibias. The cells were treated with N&CI (0.184 mom) to lyse erythrocytes, washed, and resuspended in RPMI containing 10% FCS for counting and assessment of viability by trypan blue exclusion.
Treatment of bone marrow cells with MCMV in vitro. For infection of cells in vitro, 0.25 mL of the virus preparation (containing 5 X IO4 or 5 X lo5 pfu MCMV) was added to an equal volume of cells adjusted to 2 X IO7 cells/mL in RPMI containing 2% FCS in FCS-precoated 24-well tissue culture trays and centrifuged at 800g for 30 minutes at room temperature." After incubation at 37°C for 90 minutes, the cells were suspended by pipetting with RPMI with 2% FCS, washed three times, and resuspended for counting by trypan blue exclusion.
Infectious center assays. Productively infected cells were quantitated by coculture with embryo fibroblasts. Briefly, serial twofold dilutions of marrow cells were prepared in 0.5 mL of RPM1 containing 2% FCS in 24-well tissue culture trays. After incubation for 1 hour at 37"C, 2 X lo5 secondary embryo fibroblasts in 0.5 mL were added to each well and the trays were incubated again at 37°C for 1 hour. The supernatant was then replaced with 1 to 2 mL of 2% wo'vol methylcellulose in Eagle's minimal essential medium (MEM; GIBCO) with 2% FCS, and the trays were incubated for 5 days before staining with 1% methylene blue containing 10% formalin. The plates were washed, and plaques were counted under low power magnification.
Colony-fomzing unit-spleen (CFU-S) assays.
To enumerate CFU-S in bone marrow cell preparations, 5 X IO4, 2 X lo', or 8 X lo5 cells in 200 pL of phosphate-buffered saline (PBS) were transferred intravenously via the lateral tail vein into lethally irradiated recipient mice (750 rad) that were maintained in an isolator unit with tetracycline drinking water (0.25 g/L; Pfizer, West Ryde, Australia). The mice were killed after 14 days and their spleens were removed to Bouin's solution. Individual surface colonies, each comprising the progeny of a single stem cell, were counted and the numbers of CFU-S per donor were calculated. Irradiated mice receiving 200 pL of PBS intravenously were included in each experiment to assess endogenous colony formation in recipient mice.
Hematopoietic progenitor cell assays. Granulocytehonocyte progenitor cells were enumerated in double layer semisolid agar cultures. Briefly, 5 x lo" bone marrow cells were plated in 0.5 mL of a medium (Flow Laboratories, Irvine, UK) containing 0.3% (wt/ vol) agar (Difco Laboratories, Detroit, MI), 20% FCS, 2 mmoVL Lglutamine, 33 mmom NaHCO,, 40 pg/mL gentamycin, and 100 U/ mL penicillin onto underlays of the same medium with 0.5% agar and 5% medium conditioned by WEHI-3 cells as a source of growth factor^.'^ Assays were performed in triplicate in 6-well tissue culture trays. The cultures were incubated for 14 days at 37°C in a humidified incubator and granulocytelmonocyfe colonies containing greater than 50 cells were scored microscopically.
Erythroid progenitor cells were enumerated by plating 5 X IO" bone marrow cells in 1 mL methylcellulose cultures in a medium, supplemented as described above, with 1 UlmL recombinant human erythropoietin (EPREX; Janssen-Cilag, Sydney, Australia) and 100 FL of an optimal dilution of pokeweed mitogen-stimulated spleen cell supernatant. Burst-forming unit-erythroid (BFU-E) were scored microscopically after 8 days of incubation of the cultures.
Hybridomas. The monoclonal antibodies (MoAbs) used in this study included rat antibodies to Sca-l (E13 161.7), c-kit (ACKZ), (RA3-6B2). Mac-l (Ml/70.15.1 IS), Gr-l (RB6-8C5). and erythrocytes (TER-119). All hybridomas were maintained in RPMI supplemented with 10% FCS, 2 rnmoUL L-glutamine, 50 pmoUL 2-mercaptoethanol, and antibiotics. Antibody present in the culture supernatant of E13 161.7 and ACK2 were concentrated by precipitation with 50% ammonium sulfate, dialysed against PBS (333 m o m , pH 7.2), and then conjugated to biotin.
Fluorescence staining and $ow cytometry. Bone marrow cell preparations were assessed for the presence of Sca-l+Lin-or ckit+Lin-cells using a modification of the method described by Spangmde et al.35 First, 2 x IO6 bone marrow cells were incubated with a cocktail of lineage-specific antibodies for 45 minutes on ice. The lineage cocktail comprised rat antibodies to CD2, CD3, CD5, CD8, B220, Mac-l, Gr-l, and erythrocytes. The cells were then washed in PBS-azide and treated with fluorescein isothiocyanate (NTC)-
For personal use only. on October 27, 2017. by guest www.bloodjournal.org From conjugated antirat Ig (Silenus, Hawthorn, Australia). After further washing, the cells were incubated with biotinylated MoAh preparations against Sca-l o r c-kit antigens, washed again, and then treated with streptavidin phycoerythrin (Becton Dickinson Immunocytochemistry Systems, San Jose, CA). Finally, the cells were washed and fixed in PBS containing 4 mg/mL paraformaldehyde, 1 mg/mL sodium azide, and 0.5% wt/vol BSA. Fluorescence was detected with a FACScan flow cytometer and analyzed with the program LYSYS (Becton Dickinson, Mountain View, CA). Gates were set on control cell preparations that were treated with PBS containing FCS in place of Sca-l -, c-kit-, or lineage-specific antibodies. Comparisons of antigen expression by marrow cells were performed using the Student's t-test. The level of significance was taken as P < .OS.
Cell preparations were also assessed for the presence of Sca-l+, c-kit ' , and Lin+ cells using single-color staining methods; frequencies of these cells were similar when results were obtained from preparations stained by the single-or dual-color method.
Rudioprotection and reconstitution of lethally irrudiated mice with hone marrow cellsfrom MCMV-infected mice. Bone marrow cells collected from MCMV-infected or uninfected male BALB/c mice were injected intravenously into lethally irradiated female BALB/c recipient mice as for hematopoietic stem cell assays. Survival of the recipient mice was monitored for 12 weeks. At this time, the remaining mice were killed, and reconstitution of the T-, B-, and myeloid cell compartments was assessed by immunofluorescent staining of spleen cell preparations with anti-Thy-1.2, anti-B220, and anti-Gr-l antibodies followed by antirat FITC for analysis by flow cytometry. The origin of reconstituting cells was assessed by hybridization of peripheral blood cells with a mouse Y-chromosome-specific DNA Preliminary experiments indicated that infection of male or female mice with MCMV resulted in similar changes in marrow cellularity and composition.
RESULTS

CFU-S numbers are reduced by lethal but not sublethal infection of BALB/c mice.
The numbers of CFU-S in the bone marrow of BALBk mice were monitored after infection with sublethal (4 X IO4 pfu) or lethal (2.4 X IO5 pfu) doses of MCMV (Fig 1) . The results presented are the mean numbers of CFU-S calculated from two to four independent experiments. Although there was little change in CFU-S numbers in sublethally infected mice, infection with a lethal dose of MCMV resulted in a fivefold decrease in numbers of CFU-S at day 2 postinfection (PI) and a 20-fold decrease at day 4 PI. Mice infected with lethal doses of MCMV died S to 10 days PI. These findings suggest that the profound loss of CFU-S may be a feature of lethal MCMV infection.
Reduction in lineage-committed precursor cells in MCMV-infected mice.
Myeloid and erythroid progenitor cells were also enumerated in the marrow of BALB/c mice after infection with lethal or sublethal doses of MCMV as described above. A S -to IO-fold decrease in colony-forming units-granulocyte-macrophage (CFU-GM) was observed 2 days after sublethal MCMV infection (Fig 2A) . Similarly, BFU-E numbers in sublethally infected mice were reduced IO-fold at day 2 PI compared with uninfected mice (Fig 2B) . There was a gradual increase in the numbers of both CFU-GM and BFU-E after this time. When mice were inoculated with a lethal dose of MCMV, the numbers of CFU-GM (Fig  2A) and BFU-E (Fig 2B) 
The effects of MCMV infection on the numbers of CFU-GM in different strains of mice were compared to assess whether host genetic composition could influence the development of hematopoietic abnormalities. BALB/c, C57BL/ 10, and C3H/HeJ mice were infected with a constant sublethal dose (4 X lo4 pfu), or a strain-adjusted sublethal dose (see Materials and Methods) of MCMV. Two days after infection with the constant virus dose, CFU-GM numbers were reduced S -to 10-fold in BALB/c mice and less than twofold in C57BL/lO mice. C3H/HeJ mice showed no significant change in CFU-GM numbers after infection with this virus dose (Fig 3A) . The numbers of CFU-GM declined approximately twofold in CS7BL/IO and C3H/HeJ mice inoculated with strain-adjusted doses of MCMV (Fig 3B) . CFU-GM numbers increased to control levels after day 4 of MCMV infection in all strains examined. Again, repeat experiments gave similar results to those described.
Susceptibility of bone marrow cells to infection with MCMV in vitro:
Effects on hematopoietic colony development. Bone marrow cells were treated with MCMV in vitro to determine whether they were capable of supporting productive viral infection and whether the virus could inhibit development of hematopoietic colonies from stem and progenitor cells. Treatment of cells was performed using centrifugal enhancement to achieve the maximum level of infection possible." Both salivary glandand tissue culture-derived virus preparations were used in these experiments because there is evidence that in vitro passage can alter the infectivity37 and possibly cell tropism of Treatment of BALBhderived bone marrow cell cultures with tissue culture-or salivary gland-derived MCMV preparations, UV-inactivated virus preparations, normal salivary gland homogenates, or culture medium did not affect myeloid colony formation ( to 10% of bone marrow cells were productively infected with the virus (Table 2) . Similarly, the development of erythroid colonies from BFU-E was not affected by treatment of bone marrow cell cultures from BALBlc mice with tissue culturederived MCMV preparations (data not shown). Attempts to enumerate CFU-S in bone marrow cell preparations treated with MCMV in vitro were unsuccessful because the high level of productive virus infection of bone marrow cells resulted in MCMV infection and disease in irradiated recipient mice.
Enumeration of hematopoietic stem cells by flow cytometo'. The frequencies of marrow cells expressing Sca-l or c-kit antigens in the absence of blood cell lineage-specific antigens (ie, Sca-l 'Lin-or c-kit+Lin-) were assessed in MCMV-infected and uninfected mice (Table 3) . Previous studies have shown that cells with these surface phenotypes are highly enriched for both pluripotential stem cell and CFU-S activity.38 These experiments were performed in BALBIc, C57BU6, and DBA/2J mice because BALBlc and DBA/2J mice are highly susceptible to MCMV disease, whereas C57BLl6 mice are more resistant. The Ly-6E. 1 molecule expressed by BALBlc mice and the Ly-6A.2 molecule expressed by C57BU6 and DBA/2J mice are allelic variants of the same molecule, and both are recognized by the anti-
We found significant increases in the frequencies of Scal+Lin-cells at days 2 and 4 PI compared with uninfected mice for each of the strains examined. Although marrow cell yields were decreased in the infected mice, we calculated that the actual numbers of Sca-1'Lin-cells had increased 20-fold at day 4 PI in BALBlc mice (from 0.2 X l@ to 3.9 X 10' cells per donor) and 10-fold in the other strains (from For personal use only. on October 27, 2017. by guest www.bloodjournal.org From 
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Aliquots of 5 x los marrow cells were exposed to 5 X lo5 piu or equivalent concentrations of salivary gland-derived virus (SGV), SGV inactivated by exposure to UV light (W-SGV), normal salivary gland homogenate (NSG), 5 x 10' pfu of tissue culture-derived virus (TCV), TCV inactivated by exposure to UV light (UV-TCV), or RPM1 supplemented with 2% FCS, which was used as a diluent for the cell and virus preparations.
t Mean numbers of granulocytdrnonocyte colonies ? SEM for triplicate cultures.
* Productively infected cells enumerated by infectious center assay.
0.6 X lo5 to 5.9 X lo5 cells per donor in C57BL/6 mice and from 0.8 X l@ to 7.3 X lo5 cells per donor in DBN2J mice). In BALB/c mice, the frequency of Sca-l+Lin-cells in the marrow remained higher at day 7 PI than in uninfected mice. There were also significant increases in the frequencies of Sca-1+Lin+ marrow cells in MCMV-infected mice of each strain (data not shown) such that 45% to 50% of bone marrow cells collected at day 4 PI expressed the Sca-l antigen. In contrast, only DBN2J mice had an increase in the frequency of c-kit+Lin-cells at day 4 PI. There was also an increase in the frequency of cells expressing c-kit from 6.2% 2 0.7% in uninfected DBN2J mice to 11 .l% 2 1 .l% at day 4 PI.
Long-term reconstituting abiliv of bone marrow cells from MCMV-infected and uninfected mice. The functional capability of marrow from MCMV-infected and uninfected BALBlc mice was assessed in radioprotection and reconstitution studies. Preliminary experiments indicated that infection of male or female mice with MCMV resulted in similar changes in marrow cellularity and composition. Hence, we used male mice infected with 4 X lo4 pfu of MCMV as marrow donors and female mice as recipients, allowing us to assess the origin of reconstituting peripheral blood cells in some recipients by in situ hybridization of blood cell smears with a DNA probe which recognizes mouse Y-chromosome-specific DNA sequences.
The numbers of marrow recipients that survived for 12 weeks after transplantation were similar with infected and uninfected donors ( Table 4 ), suggesting that marrow cells from both MCMV-infected and uninfected mice were capable of mediating radioprotection. However, this result should be interpreted with caution because 2 of 8 mice survived irradiation without transplantation. We could not conclude whether marrow cells from MCMV-infected mice differed in their ability to protect mice from the effects of lethal irradiation compared with marrow cells from unjnfected mice. The results do indicate that marrow cells from all groups of donors were capable of reconstituting the T-, B-, and myeloid cell lineages in irradiated recipients. There were no significant differences in the proportions of cells of each of these lineages in mice transplanted with marrow from MCW-infected or uninfected donor mice ( Table 4 ). The mice that survived irradiation without marrow transplantation had a higher frequency of cells expressing Gr-1 antigens in their spleens, but the significance of this result is unclear because there were only 2 mice. Cells that reacted with the Y-chromosome-specific probe were identified in blood cell smears prepared from mice that received marrow from donors infected with MCMV 2 days previously, but not in blood smears from mice that did not receive male bone marrow. and erythroid lineages in the bone marrow of BALB/c mice infected with lethal or sublethal doses of MCMV. Because depletion of these cells occurs at the same time as mice experience leukopenia and atrophy of the ~pleen,'~.~' the hematologic changes could result from changes in blood cell production in the marrow. In contrast, we found a significant decrease in myeloerythroid progenitor cells only in lethally infected mice, indicating that the loss of more primitive hematopoietic cell populations or marrow exhaustion is a feature of lethal MCMV disease. The reduction in numbers of CFU-GM in MCMV-infected BALB/c, C57BLJ10, and C3wHe.l mice correlated with previously reported differences in their sensitivity to MCMV disease; Cm-GM depletion was most pronounced in susceptible BALB/c mice and less pronounced in moderately resistant C57BU10 and resistant C3WHeJ mice, even when these mice received doses of virus adjusted for differences in their sensitivity to the effects of MCMV. We suggest that there may also be differences in the way individual patients respond to infecton with HCMV, and the effects of the virus on marrow function may be influenced by the patient's immunocompetence, the presence of other infections or illnesses, and genetic factors. Comparisons of the pathogenesis of MCMV disease in mice that are sensitive or resistant to the deleterious effects of the virus could also suggest some possible therapeutic strategies for investigation. For example, examination of cytokine profiles may indicate factors that are critical for eradication of the virus or for the maintenance of marrow function during infection.
DISCUSSION
We have established that there is a significant reduction in the numbers of progenitor cells committed to the myeloid
Bone marrow cells were treated with MCMV in vitro to determine whether hematopoietic progenitor cells could serve as targets for MCMV infection. Virus treatment was performed using centrifugal enhancement to achieve the maximum level of infection possible.33 However, we found no significant differences in the ability of MCMV-infected or mock-infected preparations of marrow cells to form colonies of differentiated cells from CFU-GM, although up to 10% of the cells were productively infected by the virus. The experiments were performed with both tissue cultureand salivary gland-derived MCMV preparations, as well as W-inactivated virus preparations, normal salivary gland homogenates, and culture medium as control treatments. These results differ from those of Busch et a1: ' who reported that salivary gland-derived (but not tissue culture-derived) MCMV preparations could inhibit myeloid colony formation from CFU-GM, even after inactivation of infectious MCMV by W irradiation. The differences in results may be related to differences in the length of time for which marrow cells were exposed to virus or control preparations in each study. Alternatively, it is possible that the isolates of MCMV used for the studies differed in their abilty to induce a myelosuppressive property in salivary gland tissue. Because we used infectious center assays to identify productively infected marrow cells, we could not eliminate the possibility that CFU-GM were abortively or latently infected with MCMV. However, CFU-GM counts were unaffected by treatment of marrow cells with virus in vitro, despite the fact that nonproductive infection of cells was likely to be greater in these cultures than in virus-infected mice. Indeed, Maciejewski et a l l s have shown that human hematopoietic progenitor cells can be infected with HCMV (detectable by in situ hybridization) and continue to differentiate and proliferate, giving rise to colonies of myeloid cells.
Variations in the ability of laboratory and clinical isolates of HCMV to infect myeloid cells and inhibit hematopoietic colony formation have been reported previo~sly,"~'~~'~ leading to suggestions that isolates of HCMV differ in their tropism for cells of the hematopoietic system. We also found variations in the ability of isolates of MCMV derived from wild mice to decrease the numbers of marrow CFU-GM in BALB/c mice inoculated with the same number of pfu of each virus (data not shown). Hence, it appears that isolates of MCMV may also differ in their tropism for hematopoietic cells and their ability to suppress hematopoiesis.
We enumerated cells in the bone marrow of sublethally infected mice that expressed Sca-l or c-kit antigens in the absence of blood cell lineage-specific antigens to indicate whether MCMV infection could alter the frequency of the most primitive hematopoietic stem cells in the bone marrow. The frequency and numbers of Sca-l+Lin-cells increased For personal use only. on October 27, 2017. by guest www.bloodjournal.org From after MCMV infection in BALB/c, C57BU6, and D B N 2J mice, suggesting that there may be an enrichment for pluripotent stem cells in the marrow of MCMV-infected mice. However, we did not observe an increase in c-kit+Lin-cells in MCMV-infected BALB/c or C57BL/6 mice. In addition, there was not an increase in CFU-S in infected BALB/ c mice, and we did not find a decrease in the number of marrow cells required to protect recipient mice from the effects of lethal irradiation. Hence, it is possible that MCMV infection induces a population of Sca-l+Lin-cells that are not detectable in the CFU-S or radioprotection assays. In view of these results, it would be interesting to determine whether MCMV infection of mice alters the expression of c-kit by Sca-l+Lin-bone marrow cells. Because c-kit is the receptor for stem cell factor:*-downregulation could compromise the generation of new progenitor cells. The fact that we were able to reconstitute irradiated recipient mice with marrow cells from MCMV-infected donors indicated that the donor marrow contained cells that could function as pluripotent stem cells.
Our studies indicated that C m -G M are not susceptible to lytic infection in vitro and are probably not eliminated by lytic infection in vivo. There is evidence that bone marrow stromal cell function is impaired in MCMV-infected marrow cultures and in MCMV-infected interfering with the production of hematopoietic growth factors and the generation of lineage-committed progenitor cells from early precursor stem cells. This may involve decreased production of colony-stimulating factors including stem cell factor or interleukin-l2 (IL-12), both potent stimulators of hematopoietic cells of several lineages, particularly in synergy with other cytokines.464* Alternatively, production of factors that suppress the growth and development of hematopoietic cells may increase after MCMV infection. Candidate factors include macrophage inflammatory pr~tein,"~ transforming growth factor,50 tumor necrosis factor (TNF),51 interferon," and pros tag land in^.^^ To date, inhibitors of hematopoietic stem cell proliferation have not been found in HCMV-infected marrow c~ltures.'~"~ However, the hypothesis is attractive because it is unlikely that large numbers of stromal cells are infected in MCMV-infected mice, but the release of inhibitory factors by a few infected marrow stromal cells could profoundly affect hematopoiesis. In addition, we propose that the depletion of Cm-GM observed in MCMVinfected mice may result from maturation and migration of cells from the marrow to sites of viral replication and inflammation in the host. The finding that serum colony-stimulating activity increases after MCMV infection, as does the frequency of marrow cells expressing phenotypic markers of mature blood cells, supports this hypothesis." Migration of cells from the marrow may occur in response to inflammatory and chemotactic cytokines produced after MCMV infection; we are currently investigating the role of TNF as a factor that may initiate this process.
Changes in the frequencies of hematopoietic progenitor cell populations are not unique to MCMV infections. Decreases in the progenitor cell numbers in the marrow are also seen in mice infected with lymphocytic choriomeningitis virus (LCMV). This virus interferes with generation of myeloid, erythroid, and lymphoid cells and is associated with prolonged suppression of immune responsi~eness.~~ Thomsen et a155 reported that hematopoietic dysfunction in LCMVinfected mice was partly attributable to the activation of NK cells in the bone marrow and hypothesized that activated NK cells caused rejection of progenitor cells. Other mechanisms, such as production of soluble factors that influence progenitor cell proliferation, may also be involved. Decreases in hematopoietic progenitor cell numbers can also follow the addition of B19 parvovirus, hepatitis A or B, and Dengue viruses to marrow cells in ~u l t u r e .~~"~ These effects have been attributed to replication of the viruses in subsets of progenitor cells resulting in cytotoxicity or alterations the proliferative capacity of progenitor cells. In addition, in vitro colony formation by marrow progenitor cells can be suppressed by antibodies in the serum of patients with HIV or by T lymphocytes from patients with Epstein-Barr virus
The interference of CMV infection with normal hematopoietic function is now well documented in humans as well as in mice infected with MCMV. The clinical consequences include prevention of graft reconstitution in bone marrow transplant patients and increases in the susceptibility of patients to secondary infections as a result of their altered hematologic profile. The hematopoietic system may also provide an important target for infection, thereby acting as a vehicle for dissemination and persistence of the virus. We have shown that there are alterations in the frequencies of hematopoietic progenitor cells in the bone marrow of MCMV-infected mice. These changes are unlikely to be the result of a single mechanism acting on the hematopoietic system, but may be caused by a combination of events. First, the reductions in progenitor cell numbers may result from an increase in the rate of maturation and migration of cells from the marrow to sites of viral replication and inflammation in the host. Production of factors that regulate hematopoietic stem and progenitor cell proliferation may be altered as a consequence of MCMV infection of stromal cells. Finally, MCMV infection may alter the responsiveness of hematopoietic stem cells to proliferative signals by downregulating receptors for essential growth factors. The infection of mice with MCMV has proven to be a useful model for studying the effects of CMV infection on hematopoietic cell populations, and future work may suggest immunotherapeutic strategies for the control of HCMV-induced hematopoietic disorders. 
